We discuss the numerical simulation of high current density InGaAs/AlAs/InP resonant tunneling diodes with a view to their optimization for application as THz emitters. We introduce a figure of merit based upon the ratio of maximum extractable THz power and the electrical power developed in the chip. The aim being to develop high efficiency emitters as output power is presently limited by catastrophic failure. A description of the interplay of key parameters follows, with constraints on strained layer epitaxy introduced. We propose an optimized structure utilizing thin barriers paired with a comparatively wide quantum well that satisfies strained layer epitaxy constraints.
INTRODUCTION
The ever increasing connectivity of the world is driving the need for wireless communication technologies, with the THz region attracting attention due to the possibility of high data rates with advantages in enhanced security and reduced network interference. Resonant tunneling diodes (RTDs) are high speed oscillators which have been coupled to antennae to realize effective room temperature emitters of THz radiation, demonstrating 1.92THz through harmonics 1 . The InGaAs/AlAs/InP material system is advantageous in terms of high electron mobility, suitable band-offsets, and offers low resistance contacts.
In this paper we explore the design of high performance RTDs using a 1D non-equilibrium Green's function simulator 2 . For this purpose, we propose a figure of merit related to the extraction efficiency of the radiated submillimetre wave emission power (Fig. 1) . Previous studies have proposed using the peak current density, peak to valley current ratio (PVCR) 3 , resonance linewidth 4 or a combination thereof, but we consider that these are not the ideal quantities when attempting to maximise the THz emission power from an RTD, as these are measures of the internal quantum efficiency of the device.
RTD MODELLING

Modelling software and method
The modelling package 2 approximates the solutions of the Schrödinger equation in a 1D crystal growth direction, taking into account the Fermi and Poisson distributions, effectively becoming a multi-body electron-electron interaction calculator. This is achieved via the non-equilibrium Green's functions(NEGF) method 5 , which has become the method of choice for a full quantum transport treatment of devices where incoherent scattering plays an important role [6] [7] [8] [9] [10] . The transmission matrix method 11 is then implemented for every applied bias to determine the quasi-bound well levels. We may note that whilst the structure belongs to the superlattice category, the resulting carrier resonance formula in a double-barrier intraband RTD is mathematically equivalent to a Fabry-Perot etalon 12 . Despite the computational complexity, several works from different decades have used the NEGF method with at least good qualitative correlation to experimental measurements [13] [14] [15] [16] .
The simulation does not fully accommodate the complex transport modes under thermally activated tunnelling and rough material interfaces. In this regard, the density matrix method has been proposed to overcome these limitations 17 , however, we achieved a similar goal empirically matching the scattering potential (a quantity in the Green's function introduced to take into account wave-packet perturbation). With this fitting parameter alone, it is possible to obtain a current density estimation within less than an order of magnitude. In addition to epitaxial growth errors, the departure from reality may arise from peripheral current leakage, deep trap levels, contact resistance, all which hint towards a large dependence on the fabrication process and material quality on the final experimentally obtained V-I, as evidenced in 18 . However, we have found that a 2-band k·p model is sufficient in most numerical simulation of our Type I quantum well (QW) RTD structures. The model successfully simulates the intrinsic hysteresis of structures described in the literature 19 , a point touched on in Section 3 of this work.
Another limitation of this work is that NEGF simulators cannot predict the line-loaded case of a fabricated RTD, including an external resonator or antenna elements and contributions from contact resistance. The resulting I-V characteristic, particularly pertaining to the valley current would be different, though there are measurement techniques that involve less current averaging and employ the use of radiation absorber materials 20 , practically minimizing the difference. 
Modelled reference device
The MOVPE growth of the InGaAs/AlAs RTD on an InP substrate is described in 21 . The modelled structure consists of i) 20nm In 0.53 Ga .47 As, 3·10e18 ii) 7 monolayer (MLs) In 0.53 Ga .47 As injector iii) 4MLs AlAs iv) 15 MLs In 0.8 Ga 0.2 As (QW) v) 4MLs AlAs vi) 20nm In 0.53 Ga .47 As collector vii) 25nm In 0.53 Ga .47 As, 3·10e18. This reference structure has been used to yield a peak current density of ~700kAcm -2 , used to generate a primary oscillation of 353GHz when coupled into a slot antenna 22 . Figure 1 shows representative I-V characteristic of these devices 22 , together with the modelled fit which provides the baseline for this paper. Full Hartree potential calculations are employed in the area including the 2nm entry spacer, barriers, and quantum well (QW) layers. The rest of the model uses the bulk approximation to save computational time with minimal loss of fidelity.
NATURE OF RTD RESONANCE
One of the main issues in estimating the oscillator output power points back to the reported hysteretic region of measured I-V curves 23, 24 . However, the nature of an observed hysteresis can be either due to the intrinsic bistability of the device 19 , 25 , i.e quantum well charge accumulation and depletion due to quasi-bound level mis-alignment, or extrinsic, due to the external circuit and parasitic components such as contact resistance, inductance and line-loading effects 26 . An extensive modelling study has also been made to ascertain the effect of various design parameters on the hysteresis and plateau region 27 for memory applications.
We therefore investigated the nature of the intrinsic oscillation, and whether this comparatively slow charge-build-up and release is an issue in our structures. In this regard, we simulated an asymmetric barrier GaAs/AlGaAs device which has been shown to exhibit strong intrinsic bistability 19 . Figure 2 plots our simulation results (ascending and descending voltage sweeps) in addition to experimental data extracted from 19 at 4K. The time averaged experimental data can be well explained by the superposition of the ascending and descending sweep simulations indicating how the simulator can be utilized to analyze the relative importance of intrinsic oscillation in RTDs. Simulations for our high current density structures are plotted in Figure 3 , which show limited difference between forward and reverse sweeps. The small differences are attributed to the difference in the undoped spacer layers of the structure. We confirm that oscillation is therefore dominated by the higher frequency extrinsic bistability in our high current density RTD structures. 
FIGURE OF MERIT
Our figure of merit is composed of two measures: the time-averaged electrical chip power, P chip , and the extractable THz power, P THz , that is derived from the 3rd order polynomial approximation of the I-V plot, which can be re-written as a Van der Pol oscillator characteristic 28 The chip power is given by
Where the bias point is chosen as the mid-point of the negative differential conductance (NDC), as seen in Figure 1 , as measurements have shown this to be a point of maximum THz emission 29 . The extractable THz power is defined as
Where ΔI and ΔV are defined by the peak and valley currents and voltages, respectively. These values are highlighted schematically in Fig. 1 . We therefore define our figure of merit (FOM) as
Since P chip >P THz , the ratio will be always subunitary and is a measure of the radiative extraction efficiency of the RTD.
RESULTS AND DISCUSSION
Our investigation proceeds with varying the 3 key parameters of the RTD: the barrier width, QW width, and QW depth.
Firstly, we present the data without any regard to lattice misfit strain, then this consideration is added to the analysis to suggest the best possible epitaxial structure for a THz emitter. In order to give an unambiguous calculation, all dimensions are expressed in monolayer sheets (MLs). One sheet is estimated at a half-distance of the InP substrate lattice constant, ~0.293nm. 
Strain co
The effect of a substrate wi Figure 5(b) shows the case for so-called "strain-balanced" structures 34 where the average lattice constant of the structure is designed to be equal to that of the substrate in order to overcome limitations in growing multiple QW layers as in Fig 5(a) . This situation actually balances accumulated stress within the structure. Our situation is shown in Fig 5(c) where partial strain-balancing is achieved, with an InGaAs QW (+1.72% lattice constant) and binary AlAs barriers (-5.32% lattice constant).
Of the parameters used in the computation to adjust to InGaAs/AlAs on InP would be the lattice constant taken from 35 Figure 6 plots the FOM as a function of well width and indium composition for an RTD design having 3ML barrier layers. Thick lines are added for structures which satisfy the requirements for misfit dislocation formation after People & Bean 32 . From analysis of this graph, we suggest an optimal device structure with 3MLs barriers, 14ML QW and a QW alloy of In 0.9 Ga 0.1 As.
The calculated I-V of the optimised structure is plotted in Figure 7 . It exhibits similar biasing requirements, higher PVCR, and ×4 increase in peak current compared to the reference design. We note again that this structure is not strain balanced, but designed to be compressively strained to the maximum acceptable limit based on the adjusted projection of the P&B model, in order to avoid the onset of the generation of misfit dislocations. We also note that our findings indicate the challenge now made to the epitaxial process in realizing high performance THz emitters. Not only are highly uniform thin layers required (e.g. 2ML AlAs barriers), but the limits of strain relaxation must be pushed in order to maximise efficiency of these THz light sources.
CONCLUSION
We have described a novel figure of merit based on measurements from our own fabricated RTDs that can be used as a design aid to maximize THz radiation output. We highlight the importance of the chip power and explain how the variation of certain epitaxial parameters affects the efficiency of the device. An optimal device is proposed by varying 3 essential geometrical parameters. The practicality of manufacturing this device has been discussed in terms of strain relaxation and the formation of misfit dislocations. Figure 5 . Schematic of (a) strained layer grown within an un-strained matrix. (b) strain-balancing in an MQW stack incorporating alternating compressive and tensile strained layers, and (c) the situation for our structures which incorporates partial strain-balancing. 
